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I ,  INTRODUCTION 
Fa t igue  l i v e s  a t  e l e v a t e d  temperatures  a r e  o f t e n  sho r t ened  by c r e e p  and/or  
ox ida t ion .  Creep deformation c r e a t s  v o i d s  and weakens t h e  m a t e r i a l .  I n  conjunct-  
ion  wi th  c y c l i c  load ,  c r eep  damage may a c c e l e r a t e  t h e  i n i t i a t i o n  and growth of  
f a t i g u e  c racks .  Oxides a r e  b r i t t l e  s o l i d s  t h a t  have very  low f r a c t u r e  s t r e n g t h  
and f r a c t u r e  toughness.  Therefore ,  o x i d a t i o n  a l s o  a c c e l e r a t e s  f a t i g u e  damage 
both i n  terms of f a t i g u e  c rack  i n i t i a t i o n  and f a t i g u e  c r a c k  propagat ion.  There 
is  a cons ide rab le  amount of in format ion  on c reep  and f a t i g u e  i n t e r a c t i o n  and 
t h e i r  a c c e l e r a t i o n  of f a t i g u e  damage!'' This  review, however, concen t r a t e s  on 
ox ida t ion  e f f e c t s  on f a t i g u e  damage. 
It is w e l l  known t h a t  t h e  da t a  s c a t t e r  band of s t a g e  I1 f a t i g u e  c rack  growth 
is  very  narrow. Therefore ,  t h e  wide s c a t t e r  of f a t i g u e  l i v e s  might b e  due t o  t h e  
l a r g e  s c a t t e r  i n  f a t i g u e  c rack  i n i t i a t i o n  and p o s s i b l y  due t o  t h e  s c a t t e r  i n  
s t a g e  I c rack  growth!21 The crack  i n i t i a t i o n  pe r iod  could  b e  shor tened  consider-  
a b l y  by t h e  f r a c t u r e s  of ca rb ides  and i n t e r m e t a l l i c  compounds o r  by g r a i n  boundary 
oxida t ion .  The ox ida t ion  a c c e l e r a t e d  f a t i g u e  c rack  i n i t i a t i o n  may c o n t r i b u t e  t o  
t h e  zcztL?r ~f fa'iz-e l i v e s .  
B r i c k n e l l  and ~ o o d f o r d " ~  observed embr i t t l ement  a s  a  r educ t ion  of t h e  ten- 
s i l e  e longa t ion  of n i c k e l  and n i c k e l  a l l o y s  due t o  high-temperature ox ida t ion .  
They t e s t e d  t h r e e  grades of n i c k e l  (Ni200, Ni270, and Spec-pure Ni) fo l lowing  
0 
a i r  exposure a t  1000 C. Tes t s  i n  a  v a r i e t y  of gaseous c o n d i t i o n s  have revea led  
oxygen as t h e  damaging spec i e s  and have shown t h a t  even low p a r t i a l  p r e s s u r e s  
of oxygen can r e s u l t  i n  cons ide rab le  decrease  i n  t e n s i l e  e longat ion .  
Cycl ic  deformation s i g n i f i c a n t l y  i n c r e a s e s  t h e  o x i d a t i o n  rateL4] Cof f in  [ 5 I 
a l s o  observed t h e  i n a b i l i t y  of a  f i l m  t o  provide  p r o t e c t i o n  a g a i n s t  o x i d a t i o n  
wherever a  h i g h l y  l o c a l i z e d  deformation occurs .  The r epea t ed  r u p t u r e  of t h e  ox ide  
f i l m  dur ing  a f a t i g u e  t e s t  r e s u l t s  i n  t h e  extremely h i g h  o x i d a t i o n  rate i n  t h e s e  
l o c a l i z e d  reg ions .  c y c l i c  s t r e s s  o r  s t r a i n  comes from e i t h e r  mechanical o r  ther -  
m a l  e f f e c t s .  Thermal s t r e s s e s  a r i s e  from temperature g r a d i e n t  due t o  t r a n s i e n t  
temperature f l u c t u a t i o n  and t h e  mismatch of t h e  thermal  c o e f f i c i e n t s  of t h e  
s u r f a c e  oxide  and t h e  s u b s t r a t e .  
Coff in  et a1. 16] have s t u d i e d  c a s t  Udimet 500 s u b j e c t e d  t o  low-cycle f a t i g u e  
a t  1 5 0 0 ~ ~  (815'~)  and showed t h e  f a t i g u e  c rack  i n i t i a t i o n  t o  be  t h e  r e s u l t  o f  a 
l o c a l i z e d  r idg ing .  Crack propagat ion occu r s  a long  g r a i n  boundar ies  accompanied 
. by s u b s t a n t i a l  amounts of oxidation.  Coffin et a l .  proposed a " s t r e s s  oxidation" 
mechansim f o r  crack i n i t i a t i o n  and propagation, e s p e c i a l l y  along g r a i n  boundaries. 
The presence of oxide-f i l led  in te rg ranu la r  cracks is  a common observation a t  high 
temperatures. It is  c l e a r  t h a t  oxidat ion may shor ten  t h e  f a t i g u e  l i f e  consider- 
ably. However, a  d e t a i l e d  q u a n t i t a t i v e  r e l a t i o n  between oxidat ion and f a t i g u e  
l i f e  is s t i l l  lacking.  
This l i t e r a t u r e  survey re levant  t o  high-temperature low-cycle f a t i g u e  i n  
nickel-base supera l loys  reviews general  oxidat ion,  s e l e c t i v e  oxidat ion,  i n t e r n a l  
oxidation,  g ra in  boundary oxidat ion,  mult i- layer oxide  s t r u c t u r e ,  acce le ra ted  
oxidation under stress, stress-generat ion during oxidat ion,  composition and sub- 
s t r a t e  mic ros t ruc tu ra l  changes due t o  prolonged oxidat ion,  f a t i g u e  crack i n i t i a -  
t i o n  a t  oxidized g r a i n  boundaries and the  oxidat ion acce le ra ted  f a t i g u e  crack 
propagation along g r a i n  boundaries. 
11. OXIDATION OF N i  AND Ni-BASE SUPERALLOYS 
Nickel-base s u p e r a l l o y s  a r e  t h e  most complex and t h e  most wide ly  used f o r  
high-temperature a p p l i c a t i o n s .  The r equ i r ed  p r o p e r t i e s  of  n icke l -base  s u p e r a l l o y s  
f o r  a p p l i c a t i o n s  such as a i r c r a f t  engine  components are high-temperature t e n s i l e  
s t r e n g t h ,  thermomechanical f a t i g u e  r e s i s t a n c e ,  low thermal  expansion, as w e l l  as 
ox ida t ion  r e s i s t a n c e .  Oxidat ion behavior  of t h e  n icke l -base  s u p e r a l l o y s  is ex- 
t remely complex f o r  t h e  fo l lowing  reasons .  
1 ) .  Each a l l o y i n g  element h a s  d i f f e r e n t  a f f i n i t y  f o r  oxygen. S ince  t h e  a f f i -  
n i t y  i n  me ta l lox ide  r e a c t i o n s  is  n e a r l y  p r o p o r t i o n a l  t o  t h e  h e a t s  of decomposi- 
t i o n  of ox ides  pe r  mole of oxygen!7' one may e s t i m a t e  t h e  e a s e  o f  ox ide  format ion  
of each a l l o y i n g  element by comparing t h e  AH ( h e a t s  of  decomposition) d a t a  dec 
l i s t e d  i n  Table 1L8] because t h e  h i g h e r  t h e  AHdec, t h e  more s t a b l e  t h e  oxide.  
Table 1 shows t h a t  ox ides  of chromium and aluminum form more r e a d i l y  t han  oxides  
of o t h e r  major a l l o y i n g  elements.  N i O  i s  a l s o  formed because  N i  is t h e  major 
c o n s t i t u e n t  of t h e  a l l o y .  The oxides  of tantalum, s i l i c o n ,  and zirconium a r e  
seldom formed, even though they  are s t a b l e  ox ides ,  because  Ta, S i ,  and Z r  a r e  
minor coilst i t : ienta .  
Depending on t h e  a f f i n i t y  of an element f o r  oxygen and t h e  s t a b i l i t y  of  its 
oxide,  one o r  two of t h e  a l l o y i n g  c o n s t i t u e n t s  are s e l e c t i v e l y  ox id i zed .  Gene- 
r a l l y  any a l l o y  con ta in ing  a  sma l l  q u a n t i t y  of a metal (which has  a  h igh  a f f i -  
n i t y  f o r  oxygen, forms an  oxide  showing r e s i s t a n c e  t o  d i f f u s i o n  of  oxygen and 
t h e  s o l u t e  atoms, and has  l i t t l e  s o l u b i l i t y  i n  t h e  ox ide  of t h e  s o l v e n t  meta l )  
should have a  s t r o n g  ox ida t ion  r e s i s t a n c e  i f  t h e  ox ide  f i l m  h a s  a s t r o n g  adherence 
[9 I t o  t h e  s u b s t r a t e .  
At a reduced p a r t i a l  p r e s s u r e  of  oxygen, t h a t  is, under c o n d i t i o n s  of l i m i t e d  
a v a i l a b i l i t y  of oxygen a t  t h e  s u r f a c e ,  o x i d a t i o n  is se lec t ive! lo l  A lower par-  
t i a l  p re s su re  of oxygen w i l l  a l s o  develop a t  t h e  p r o t e c t i v e  e x t e r n a l  s c a l e l m e t a l  
i n t e r f a c e .  Therefore ,  i f  a meta l  is covered w i t h  a dense,  p r o t e c t i v e  ox ide  f i l m  
( o r  s c a l e )  adhering t i g h t l y  t o  meta l  s u b s t r a t e s ,  then  s e l e c t i v e  o x i d t a i o n  w i l l  
occur  a t  t h e  oxide lmeta l  i n t e r f a c e .  
2 ) .  S ince  t h e  oxides  formed on n icke l -base  s u p e r a l l o y s  a r e  n o t  s i n g l e  phase, 
t h e r e  might e x i s t  a  s o l i d - s t a t e  r e a c t i o n  among t h e s e  oxides .  I f  they  a r e  mutual ly 
i n so lub le ,  a  complex s t r u c t u r e  of ox ides  might r e s u l t  (such a s  double l a y e r s  o r  
mul t i - layers  of e x t e r n a l  ox ides ) .  The formation of complex oxides  w i l l  b e  a  
111 I func t ion  of a l l o y  composition, temperature,  oxygen p re s su re ,  and o x i d a t i o n  time. 
Figure 1 shows an example of t h e  complex oxides formed on (a)  ~ e n 6  41 (19% 
C r ,  11%Co, 10%Mo, 3.1%Ti, 1.5YA1, and 0.7%Fe) and (b) Udimet 700 (15%Cr, 19%Co, 
SXMo, 3.5%Ti and 4.5%A1)!lo1 The k i n e t i c s  of t h e  reac t ion  and t h e  main reac t ion  
products change with temperature and oxidat ion time. Hence, a t  t h e  e a r l y  s t a g e  
of oxidation,  t h e  growth r a t e  of oxide is predominantly l i n e a r .  The r a t e  deter -  
L 
mining process involves the  t r anspor t  of t h e  r e a c t a n t s  of the  oxidat ion process. 
12' By continuing t h e  oxidation o r  by increas ing t h e  th ickness  of t h e  oxide f i lm 
(or  s c a l e ) ,  d i f fus ion  becomes the  r a t e  con t ro l l ing  process and t h e  growth r a t e  
becomes parabol ic ,  a s  discussed below. 
Let us consider t h e  complex oxide s t r u c t u r e  and composition, which is more 
common i n  Ni-Cr-Co-Mo-Ti-A1 a l loys .  Suppose the  e x t e r n a l  oxide s c a l e  c o n s i s t s  of 
N i O ,  Cr203, A1203, (Cr,A1)203, NiCr204, NiA1204, Ni(Cr,Al) 0 and Ti02 and t h e  2 4 
i n t e r n a l  oxide subscale  includes A1203 Then, a s  shown i n  Figure 2, t h e  follow- 
ing s t eps  occur. (a)  A t  an e a r l y  s t a g e  of oxidation,  a compact N i O  l a y e r  is  formed 
because N i  is t h e  major cons t i tuen t .  
(b) As  t h e  oxidat ion proceeds, a porous N i O  l a y e r  forms beneath 
the compact N i O  l aye r .  However, t h e  t o t a l  N i O  l a y e r  thick- 
ness  is increas ing becsuse t h e  d i f f u s i o n  r a t e  of Mi i n  NiC 
i s  higher  than t h a t  of C r  i n  Cr203, a s  w i l l  be  discussed 
l a t e r .  A t  t h e  same t i m e ,  Cr203 and Al 0 oxides form a t  the  2 3 
i n t e r f a c e  of t h e  inner  porous N i O  l a y e r  and t h e  s u b s t r a t e .  
The 'rapid d i f fus ion  of t h e  n i c k e l  atoms toward t h e  o u t e r  
su r face  causes t h e  porous s t r u c t u r e .  The inward d i f fus ion  
of oxygen toward the  s u b s t r a t e  and t h e  reac t ion  of the  oxy- 
gen with chromium r e s u l t  t o  form C r  0 Some of these  oxides 2 3' 
may be  formed i n s i d e  t h e  porous N i O  l a y e r ,  r e s u l t i n g  i n  a 
s o l i d - s t a t e  r eac t ion  t o  form a spinel - type  oxide such a s  
NiCr204, NiA1204, o r  a mixture of t h e  two as Ni(Cr,Al) 0 2 4' 
(c) As t h e  oxidation proceeds f u r t h e r ,  more spinel- type oxides  
may be  formed and smal l  p a r t i c l e s  of A 1  0 w i l l  be  formed 2 3 
as a subscale  beneath t h e  metal surface .  
(d) By increasing the  thickness of both  e x t e r n a l  and i n t e r n a l  
s c a l e s ,  Ti02 w i l l  be  formed a t  t h e  s c a l e / s u b s t r a t e  i n t e r -  
f a c e  because T i  is enriched r e l a t i v e l y  to  t h e  o t h e r  ele- 
ments, which a r e  a l ready depleted through oxidation.  
- 4 -  
3 ) .  When oxygen d i s s l o v e s  i n  t h e  a l l o y  phase d u r i n g  ox ida t ion ,  t h e  less 
noble a l l o y  component may form sma l l  ox ide  p a r t i c l e s  w i t h i n  t h e  a l l o y ,  a s  shown 
i n  F igure  2 ( c ) ,  and bands of oxide may form beneath t h e  e x t e r n a l  s c a l e / a l l o y  
i n t e r f a c e .  This  type  of s c a l e  is known a s  s u b s c a l e  and t h e  process  is  c a l l e d  
i n t e r n a l  ox ida t  ion.  
4 ) .  I n  some c a s e s ,  l i q u i d  oxide  phases may a l s o  formed on a  s u r f a c e .  Th i s  
may occur  ( i )  i f  m a t e r i a l s  a r e  exposed t o  t h e  vapor  of a low-melting oxide  dur- 
ing ox ida t ion  o r  ( i i )  i n  ox ida t ion  of a l l o y s  w i t h  a n  a l l o y i n g  component t h a t  
forms a  low-melting oxide.  The t y p i c a l  low-melting ox ides  a r e  MOO (m.p. : 795O~)  3 
and V205 (m.p. : 674'~) !I3] The presence of l i q u i d  oxide  phases may l e a d  t o  ex- 
c e s s i v e l y  f a s t  ox ida t ion  and d i s i n t e g r a t i o n  of t h e  a l l o y .  This  phenomenon is 
commonly termed c a t a s t r o p h i c  ox ida t ion ,  o f t e n  occurs  i n  b o i l e r  o r  s u p e r h e a t e r  
tubes  where t h e  combustion gas  con ta ins  V 0  which condenses and r e a c t s  w i t h  2 5' 
f l y  a sh  and ox ide  s c a l e s  on t h e  h e a t  exchanger tubes .  Th i s  process  i s  a l s o  known 
a s  V-attack ( i . e .  t h e  vanadium-attack). An analogous phenomenon may e x i s t  i n  t h e  
c a s e  of t h e  v o l a t i l e  ox ide  C r O  The C r O  ox ide  forms i n  t h e  tempera ture  range  3  ' 3 
114y15 y161 Although t h e  vapor  p r e s s u r e  of C r O  is u s u a l l y  low i n  9 5 0 ' ~  - 1020 C. 3 
t h i s  t cnpe ra tu re  r eg ion ,  i t  i s  v o l a t i l e  a t  such h i g h  temperatures .  
S e l e c t i v e  ox ida t ion ,  growth of  ox ides ,  r e a c t i o n  between d i f f e r e n t  ox ides ,  
and i n t e r n a l  ox ida t ion  a r e  always observed i n  n icke l -base  s u p e r a l l o y s  t o  a c e r t a i n  
e x t e n t  depending on chemical composi t ions,  t empera ture ,  oxygen p re s su re ,  and t i m e  
of ox ida t  ion .  
Before d i scuss ing  t h e  k i n e t i c s  of o x i d a t i o n ,  l e t  u s  summarize t h e  a l l o y i n g  
e f f e c t s  of i n d i v i d u a l  c o n s t i t u e n t s  i n  n icke l -base  supe ra l loys .  
Chromium: 1 )  Chromium appears  t o  be  an  obvious cho ice  f o r  high-temperature 
a l l o y i n g  c o n s t i t u e n t  by v i r t u e  of a  n a t u r a l  p r o t e c t i v e  l a y e r  
. - 
[I71 of chromic oxide  (Cr 0  ) which adhe res  t o  a s u r f a c e .  2  3  
2) The " c r i t i c a l "  minimum content  of chromium t o  ensu re  t h e  form- 
a t i o n  of a p r o t e c t i v e  C r  0  s c a l e  is approximately 15% [I81 or  
[19,20,21] 2  3  20 - 25%. 
3) For t h e s e  a l l o y s ,  a  t h i n  e x t e r n a l  N i O  l a y e r  is formed by r a p i d  
overgrowth dur ing  t h e  e a r l y  s t a g e .  Under t h i s  l a y e r  is  t h e  pro- 
t e c t i v e  C r  0  l a y e r ,  which c o n t r o l s  t h e  ox ide  growth, a s  an 2 3  
i n t e rmed ia t e  sp ine l - type  oxide  l a y e r  (such as n i c k e l  chromite: 
[22,2 33 N i C r  0  ) o f t e n  does.  2  4  
Cobalt: 1 )  Cobalt ( a s  w e l l  a s  N i ,  Fe, C r ,  Mo, W, and V) is  an a u s t e n i t i c  
former element and i t  enhances t h e  y-phase formation. Cobalt is 
[241 a weak s o l i d  s o l u t i o n  s t rengthener .  
117,251 2) improves the  creep s t r eng th .  
[261 3) r a i s e s  the  solvus temperature of y'-phase, Ni3(A1,Ti). 
Molybdenum: 
[I71 1)  improves t h e  creep s t r eng th .  
2) Molybdenum (as  w e l l  a s  C r  and W )  is  one of t h e  b e s t  s u b s t i t u t i o -  
[I91 n a l  s o l i d  s o l u t i o n  s t r eng theners .  
Tantalum : 
[271 1 )  improves the  creep r e s i s t a n c e .  
Niobium : 
1 )  Niobium (as  we l l  a s  T i  and Ta) s u b s t i t u t e s  f o r  N i  i n  N i  A 1  type 
[241 3 y'  p r e c i p i t a t e .  
2) Niobium ( a s  w e l l  a s  C r ,  Mo, W ,  V, Ta, and Ti)  is an e f f e c t i v e  
119 I 
carbide  former (MZ3C6, M6C, MC) . 
Zirconium : 
1) Zirconirrn ( a s  w e l l  a s  Xi, Ce, aad Ca) is  e f f e c t f v e  t3 prc2uzz 
t h e  p r o t e c t i v e  oxide f i l m  (o r  s c a l e )  due t o  t h e  "keying" e f f e c t  
[28,291 f o r  an t i - spa l l ing .  
- 
1261 2) promotes d u c t i l i t y .  
Manganese : 
1 )  improves the  s t r e n g t h  a s  a s o l i d  s o l u t i o n  metal  i n  N i  without  
[251 appreciable  reduction of d u c t i l i t y .  
Boron: 1 )  segregates  t o  g r a i n  boundaries and improves creep proper t ies ,  ( 
1241 by decreasing elongation and inc reas ing  rup tu re  s t r e s s ) .  
Aluminum: 
1 )  increases  t h e  oxidat ion  r e s i s t a n c e  by formation of continuous 
[201 A1203 l aye r .  
2) Aluminum ( a s  we l l  a s  Cr) i s  one of the  b e s t  s u b s t i t u t i o n a l  s o l i d  
[I91 s o l u t i o n  s t rengtheners .  
Chromium and Alminum: 
1) Simultaneous add i t ions  of C r  and A 1  t o  N i  produce a p r o t e c t i v e  
complex oxide s t r u c t u r e  of N i O ,  Cr203, and A 1  0 and t h e i r  s p i n e l  2 3 I..-.,-, 
type mixed oxides such a s  NiCr204, NiA1204, and Ni(Cr,Al)204. LJU, 
[ 20 I 31'32'33'341 This oxide g ives  r i s e  t o  h igh oxidat  ion res i s t ance .  
2) The C r / A l  r a t i o  p l ays  a n  important  r o l e  . i n  t h e  types  of ox ide  
[30,311 formed . 
( i )  For both low C r  and A 1  c o n t e n t s ,  an e x t e r n a l  N i O  s c a l e  
forms over  i n t e r n a l  s c a l e s  of C r  0 and A1203, 2  3 
( i i )  For h i g h  C r  (>15%) bu t  low A 1  ( ~ 3 % )  c o n t e n t s ,  bo th  C r 2 0 j  
and A 1  0 have been observed as e x t e r n a l  o x i d e s ,  and 2  2  
( i i i )  For r e l a t i v e l y  h igh  C r  (>15%) and h i g h  A 1  (>3%) c o n t e n t s ,  , 
an  exc lus ive  A 1  0  s c a l e  is formed. 2 3 
When n i c k e l  is  hea ted  i n  oxygen, i t  forms an  adhe ren t  f i l m  s c a l e  of n i c k e l  
oxide,  N i O ,  which c o n t r o l s  t h e  r a t e  of f u r t h e r  o x i d a t i o n  by a c t i n g  as a  d i f f u s i o n  
b a r r i e r  between t h e  meta l  and t h e  atmosphere. The mechanism and t h e  r a t e - con t ro l l -  
ing  process  f o r  t h e  i n i t i a l  formation of t h e  f i l m  and i ts  growth a t  r e l a t i v e l y  
low tempera tures  ( i . e . ,  below 400°c), a r e  n o t  a t  a l l  c l e a r l y  understood,  bu t  a t  
h igher  temperature t h e  growth fo l lows  a  p a r a b o l i c  law. 
Wagner's mechanism[351 f o r  t h e  p a r a b o l i c  r e l a t i o n s h i p  is  t h a t  of f i l m  th ick-  
ening c o n t r o l l e d  by d i f f u s i o n  due t o  a concen t r a t ion  g r a d i e n t .  S ince  t h e  oxide  
f i l m  is  composed e f  c a t i o n s  (metal  i o n s )  and an ions  (oxygen i o n s ) ,  t h i s  d i f f u s i o n  
a c r o s s  t h e  f i l m  must b e  accompanied by a s imultaneous d i f f u s i o n  of e l e c t r o n s  i n  
t h e  same d i r e c t i o n  a s  t h e  c a t i o n s ,  o r  i n  t h e  o p p o s i t e  d i r e c t i o n  t o  t h e  an ions .  
Hence t h e  ox ida t ion  of n i c k e l  is governed by t h e  d i f f u s i o n  ( a s  a rate-determin- 
ins f a c t o r )  of charged vacancies  i n  t h e  oxides  o r  of on ly  one t y p e  of i o n  ( e i t h e r  
c a t i o n  o r  an ion)  o r  of e l e c t r o n  through t h e  l a t t i c e  d e f e c t s  of oxides.  
Methods of i n v e s t i g a t i n g  t h e  growth of ox ide  l a y e r s  i nc lude  de termina t ion  of 
changes i n  t h i ckness  of t h e  s c a l e ,  i n  weight of t h e  m e t a l  sample, o r  i n  volume 
of t h e  surrounding gas!361 Most q u a n t i t a t i v e  d a t a  have been ob ta ined  a s  changes 
i n  weight (AW) per  u n i t  s u r f a c e  a r e a .  K i n e t i c  t heo ry  is  concerned p r i m a r i l y  w i th  
t h e  progress  of a  r e a c t i o n  w i t h  time. Thus, t h e  f i r s t  t a s k  is  t o  f i n d  r e l a t i o n -  
s h i p  between ox ida t ion  and time t .  The p a r a b o l i c  r e l a t i o n s h i p  of t h e  o x i d a t i o n  
2 2 process  (AW) = a x  t r e p r e s e n t s  a  s t r a i g h t  l i n e  when (AW) is  p l o t t e d  a g a i n s t  
t ime t .  I f  t h i s  l i n e  does not  i n t e r s e c t  t h e  o r i g i n  of t h e  coo rd ina t e  axes ,  t h e  
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more gene ra l  form of t h e  pa rabo l i c  equa t ion ,  (AW) = a  x  t + C ,  is  a p p l i c a b l e .  
The cons t an t  a i n  t h e  above equat ions  i s  t h e  p a r a b o l i c  r a t e  c o n s t a n t .  
Figure 3 shows t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t s  of a  meta l  i o n  ( c a t i o n )  i n  
its s i n g l e  o r  complex ox ides .  Figure 4 shows t h e  p a r a b o l i c  r a t e  cons t an t  of 
severa l  nickel-base supera l loys .  
It is w e l l  known t h a t  t h e  temperature dependence of r eac t ion  r a t e s  is govern- 
ed by an exponential  r e l a t i o n  known a s  t h e  Arrhenius equation.  According t o  t h i s  
equation, t h e  temperature dependence of d i f f u s i o n  r a t e s  is genera l ly  w r i t t e n  i n  
the  form D = D e -Q/RT , where D and Q a r e  constangs. On t h e  o t h e r  hand, according 
0 
t o  Kubaschewski and H ~ p k i n s j ~ ~ l ~ t h e  temperature-dependent parabol ic  r a t e  cons tant  
f o r  t h e  oxidat ion  is given by t h e  expression a = aoe -Q/RT , where a. = 3.2  and 
Q = 45,000 cal /mole f o r  pure n i c k e l  oxidat ion  over  t h e  temperature range 750 - 
1240'~. 
One may c a l c u l a t e  t h e  a c t i v a t i o n  energies  f o r  se l f -d i f fu i son  and parabol ic  
oxidat ion from t h e  da ta  i n  Figures 3 and 4. The r e s u l t s  a r e  t abu la ted  i n  Tables 
2 and 3,  r e spec t ive ly .  Because t h e  magnitude of t h e  a c t i v a t i o n  energies  of t h e  
d i f fus ion  and t h e  oxidat ion  processes a r e  s i m i l a r ,  i t  is l i k e l y  t h a t  t h e  d i f f u s i o n  
process is  r a t e  con t ro l l ing .  However, because t h e  ox ida t ion  processes a r e  complex 
chemical r eac t ion ,  it i s  d i f f i c u l t  t o  p inpoint  which d i f f u s i o n  process  c o n t r o l s  
a  s p e c i f i c  oxidat ion  process. 
Heindlhofer e t  a1!381 have pointed ou t  t h a t  no b inary  a l l o y  can be expected 
t o  oxidize  cxnct ly  i n  prcpor t ion  tn  t h e  square root of t h e  elaspcd time at constant  
temperature, because chemical composition i n  me ta l s  immediately adjacent  t o  t h e  
s c a l e  changes during t h a t  time a s  a  r e s u l t  of s e l e c t i v e  oxidat ion  and i n t e r n a l  
oxidat ion.  Although t h i s  i s  t r u e  i n  the  e a r l y  s t a g e  of oxidat ion ,  a f t e r  t h e  
steady s t a t e  is es tab l i shed ,  the  concentra t ions  a t  t h e  ox ide / subs t ra t e  i n t e r f a c e  
139 I may usual ly  b e  considered constant .  
Resul ts  obtained by Yao 1401 on pure n i c k e l ,  by ~ e t t r i d ~ e [ ~ ~ ]  on Nimonic 
a l l o y s ,  and by Kofstad [411 on  en: 41, Mar -M 200, and IN-100 a r e  shown i n  Figure 
2 4 5 with a common u n i t  of (mg /cm /sec)  f o r  a  pa rabo l i c  r a t e  cons tant ,  a.  The para- 
b o l i c  r a t e  cons tant  a  decreases i n  the  order  of pure n i c k e l  - Nimonic series 
I 
----+ I N  100 -----+ Rene 41/Mar-M 200. This order  ag rees  approximately with the  
a l loy ing  e f f e c t s  of C r ,  A l ,  and T i  on oxidta ion,  a s  d iscussed above. 
Under stress o r  s t r a i n ,  t h e  oxidat ion  reac t ion  w i l l  be  acce le ra ted  because 
( i )  t h e  p r o t e c t i v e  oxide l a y e r  is cracked, p a r t i c u l a r l y  under a  c y c l i c  loading,  
and ( i i )  d i s l o c a t i o n s  and su r face  s l i p  s t e p s  a r e  sites of l o c a l i z e d  high energies  
where oxidat ion  is  acce le ra ted .  The e f f e c t  of app l i ed  s t r e s s  has been s tud ied  
on s e v e r a l  n i c k e l  a l l o y s .  Oxidation proceeds a t  an unaffec ted  r a t e  wi th  increas-  
ing  s t r e s s  u n t i l  a  c r i t i c a l  l e v e l  of  s t r e s s  is reached, above which oxidat ion  
is more rapid .  This  c r i t i c a l  s t r e s s  t o  produce acce le ra ted  a t t a c k  i s  p l o t t e d  i n  
- 8 -  
Figure  6  14*' a s  a  func t ion  of exposure tempera ture  f o r  a number of a l l o y s .  A t  t h e  
c r i t i c a l  a p p l i e d  s t r e s s ,  which gene ra l ly  corresponds t o  t h e  s t r e s s  r equ i r ed  t o  
produce 1% extens ion  i n  100 hours ,  t h e  r a t e  of meta l  deformation i n h i b i t s  t h e  
formation of p r o t e c t i v e  and adherent  ox ide  s c a l e s .  Thus, t h e  c o n t i n u a l  exposure 
of f r e s h  meta l  r e s u l t s  i n  a  f a s t e r  ox ida t ion  r a t e .  In  t h i s  regard ,  any s t r e s s  
t h a t  produces exces s ive  s h e a r  a t  t h e  oxide /meta l  i n t e r f a c e  can cause  c racking ,  
s epa ra t ing ,  and e x f o l i a t i o n  of t h e  p r o t e c t i v e  o x i d e  and exposure of f r e s h  meta l .  
/ Creep t e s t i n g  of 10-mil Rene 41 s h e e t  showed t h a t  s e l e c t i v e  d e p l e t i o n  of a l l oy -  
ing  elements i n c r e a s e s  s i g n i f i c a n t l y  w i t h  i n c r e a s i n g  s t r e s s .  
Rhines e t  a1!431 have s t u d i e d  t h e  e f f e c t s  of e x t e r n a l l y  a p p l i e d  f o r c e s  on 
ox ida t ion  r a t e  by suspending h igh  p u r i t y  n i c k e l  tubes  i n  a nickel- tubed fu rnace  
wi th  va r ious  dead load  ( t e n s i l e  s t r e s s e s :  3050, 6100, 9150, and 12199 p s i ) .  The 
t e s t e d  tubes were p a i r e d ,  one be ing  s t r e s s e d  and t h e  o t h e r  u n s t r e s s e d  as they  
were oxid ized  t o g e t h e r  i n  t h e  furnace .  Rhines e t  a l .  found t h a t  as t h e  load  is 
inc reased ,  t h e  ox ida t ion  r a t e  f i r s t  diminished b o t h  i n s i d e  and o u t s i d e  t h e  tubes ,  
a f  t e r  which i t  inc reases .  Antolovich [441 a t tempted  t o  t h a t  account  of t h e  e f f e c t  
of s t r e s s  i n  terms of t h e  s t r e s s  dependent d i f f u s i o n  c o n s t a n t  f o r  t h e  p a r a b o l i c  
k i n e t i c s  . 
Recently,  I keda et a l .  [ 451  s t u d i e d  t h e  e f f e c t s  of  s t r a i n  on t h e  o x i d a t i o n  of 
s t a i n l e s s  s t e e l s  (Fe- 1 8 @  20Cr, Fe-20Cr-12Ni, and Fe-17Cr-6Ni) i n  oxygen and 
i n  a i r  a t  9 0 0 ~ ~ .  The ox id t a ion  of Fe- 1 8  - 20Cr f e r r i t i c  s t e e l s  was n o t  acce l e -  
- 6 
r a t e d  by t e n s i l e  loadings  t h a t  produced average  s t r a i n  r a t e s  of  1 0  10-~/sec. 
However, t h e  o x i d a t i o n  of t h e  a u s t e n i t i c  s t e e l s  was a c c e l e r a t e d  a t  t h e  average  
- 6 
s t r a i n  r a t e s  of t h e  o r d e r  of 3 x 10  / sec .  The a u t h o r s  specu la t ed  t h a t  t h e  ab- 
sence of a c c e l e r a t e d  ox ida t ion  i n  t h e  f e r r i t i c  s t e e l s  could b e  a t t r i b u t e d  t o  
t h e  r a p i d  d i f f u s i o n  of chromium through t h e s e  s t e e l s  and t h e  r e s u l t i n g  r a p i d  
hea l ing  of d e f e c t s  produced i n  t h e  oxide s c a l e  du r ing  s t r a i n i n g .  The low d i f f u -  
s i o n  r a t e  of chromium i n  t h e  a u s t e n i t i c  s t e e l s ,  a cco rd ing  t o  t h i s  s p e c u l a t i o n ,  
d i d  n o t  l ead  t o  r e p a i r  of t h e s e  d e f e c t s ,  and t h u s ,  r e s u l t e d  i n  i n c r e a s i n g  oxi -  
da t ion  dur ing  s t r a i n i n g .  
These obse rva t ions  c l e a r l y  i n d i c a t e  t h a t  eng inee r ing  m a t e r i a l s  such as 
nickel-base s u p e r a l l o y s  wi th  g r a i n  boundar ies ,  c a r b i d e s ,  and p r e c i p i t a t e s  
should show l o c a l l y  a c c e l e r a t e d  ox ida t ion ,  p a r t i c u l a r l y  a t  such m i c r o s t r u c t u r a l  
d i s c o n t i n u i t i e s ,  when sub jec t ed  t o  an e x t e r n a l l y  a p p l i e d  load  and high-tempera- 
t u r e  ox ida t ion .  The s p a l l i n g  and thermal shock r e s i s t a n c e  i n  ox ides  and auto- 
generated s t r e s s  i n  oxides  w i l l  b e  d iscussed  i n  c h a p t e r  I V .  
111. GRAIN BOUNDARY OXIDATION 
The g r a i n  boundary is an important s i t e  f o r  ox id ta ion  because ( i )  i ts  com- 
pos i t ion  may d i f f e r  from t h a t  of t h e  matrix,  ( i i )  l o c a l  d i so rde r  may make i t  che- 
mical ly more a c t i v e  than the  matrix,  ( i i i )  i t  may a c t  as a s i t e  f o r  p r e c i p i t a t i o n  
of harmful o r  matrix-depleting phases, and ( i v )  it may funct ion  a s  a  r ap id  d i f fu -  
1461 s ion  path. 
Several  interconnected f a c t s  on g ra in  boundary ox id ta ion  appear t o  b e  es ta-  
149 I b l i shed i n  t h e  works by Gulbransen e t  a d 4 ' ]  R h ~ d i n ! ~ ~ ]  Kubaschewski and Hopkins, 
and  ofs st ad!^^] Figure 7(a)  i l l u s t r a t e s  t h e  fol lowing phenomena: ( i )  On 
a c r y s t a l  su r face ,  t h e  o r i e n t a t i o n  of t h e  oxide f i l m  is d i r e c t l y  r e l a t e d  t o  t h a t  
of t h e  c r y s t a l  surface .  ( i i )  The r a t e  of growth of such a f i l m  depends on i ts 
o r i e n t a t i o n .  ( i i i )  On a p o l y c r y s t a l l i n e  metal  su r face ,  t h e  f i r s t  l a y e r  is randomly 
o r i en ted  and the  oxide g r a i n s  a r e  of d i f f e r e n t  th icknesses  owing t o  the  v a r i a t i o n  
i n  growth r a t e  with o r i e n t a t i o n .  ( iv )  The oxide f i l m s  immediately above t h e  g ra in  
boundaries o r  p r e c i p i t a t e s  a r e  t h i c k e r  than these  formed on metal  matr ix  phase. 
The rap id  oxidat ion  a t  g ra in  boundaries w a s  observed by Sywestrowicz on 
1521 titaziun; thlz ffi;r,a. Reporting s z  t h e  SEX e x m i n z t i z n s  of o x i d s t i o z  c!:arzct?- 
r i s t i c s  of a l l o y  800H, Miley et a l .  [531 found t h a t  growth r a t e s  of Cr-rich oxide 
were g r e a t e s t  a t  t h e  g r a i n  boundaries. When ex te rna l  s c a l e  had begun t o  form, t h e  
s u b s t r a t e  developed wi th  the  appearance of oxide p a r t i c l e s  wi th in  t h e  a l l o y  mat r ix  
ahead of t h e  i n t e r f a c e  between metal  and e x t e r n a l  s c a l e  by t h e  process of i n t e r n a l  
oxidation. These i n t e r n a l  oxide p a r t i c l e s  appeared t o  a  g r e a t e r  ex ten t  a t  o r  nea r  
the  g ra in  There a l s o  e x i s t s  a  dep le t ion  zone of a l l o y i n g  elements 
a t  o r  near  t h e  g r a i n  boundaries. The oxide p a r t i c l e s  a t  t h e  boundaries grew t o  
form continuous f i l m s ,  which progress ively  enveloped t h e  gra ins .  A t  t h e  same t i m e ,  
oxidat ion proceeded wi th in  the  g r a i n  by t h e  formation of f u r t h e r  oxide  p a r t i c l e s  
ahead of t h e  thickening g r a i n  boundary f i l m  i n  much t h e  same way t h a t  oxidat ion  
occured i n i t i a l l y  a t  t h e  metal surface .  
Shida e t  studying p r e f e r e n t i a l  i n t e r g r a n u l a r  oxides i n  N i - A 1  (0.55 - 
4.10ZAl) a l l o y s  a t  800 - 1 0 0 0 ~ ~ ,  i d e n t i f i e d  t h e  s e v e r a l  types of i n t e r g r a n u l a r  
oxide morphologies. They reported t h a t  t h i n  and continuous oxides developed along 
g ra in  boundaries i n  Ni-0.55A1 and Ni-1.5A1 and t h a t  t h i c k  oxide p a r t i c l e s  develop- 
ed around and i n  the  boundaries i n  Ni-2.45A1 and Ni-4.10A1 a t  900 and 1 0 0 0 ~ ~ .  
Reddy e t  a ~ ! ~ "  have s tud ied  d i f f u s i o n  i n  A I Z O j  s c a l e s  formed on N i C r A l  
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a l l o y s  by t h e  proton a c t i v a t i o n  technique employing t h e  0 i so tope  a s  a  t r a c e r .  
They found t h a t  t i le 018 p r o f i l e s  i d e n t i f i e d  a zone of  dx ide  p e n e t r a t i o n  benea th  
t h e  e x t e r n a l  s c a l e  and t h a t  oxygen t r a n s p o r t  w a s  p r i m a r i l y  v i a  s h o r t - c i r c u i t  
pa ths  such a s  g r a i n  boundaries .  B r i c k n e l l  and h i s  coworkers [3,58,59,60,611 have 
done e x t e n s i v e  work on oxygen embr i t t l ement  i n  N i  and i ts  a l l o y s .  Complex oxides  
were i d e n t i f i e d  on t h e  boundaries  a t  depths  roughly a n  o r d e r  of magnitude g r e a t e r  
[58,591 than those  f o r  ma t r ix  i n t e r n a l  ox ida t ion .  Using Auger s p e c t r o a n a l y s i s ,  they  
0 
observed t h e  enhanced O / N i  peak he igh t  r a t i o s  i n  t h e  air-exposed (1000 C x  200 
h r )  samples. [601 However, t h i s  technique  h a s  d isadvantages ;  ( i )  t h e  d e t e c t e d  0 
peak cannot d i s t i n g u i s h  between e x t e r n a l  ox ide  and i n t e r n a l  ox ide ,  and ( i i )  t h i s  
0  peak a l s o  cannot d i s t i n g u i s h  inward d i f f u s i n g  oxygen from ambient and d i s s o l v e d  
oxygen i n  t h e  s u b s t r a t e  mat r ix .  Therefore ,  t h e  exper imenta l  t echnique  t o  measure 
t h e  p e n e t r a t i o n  depth  of  ox ide  formed a l o n g  t h e  g r a i n  boundaries  h a s  no t  been w e l l  
e s t a b l i s h e d .  The measurement of  g r a i n  boundary p e n e t r a t i o n  is s t i l l  based on a 
convent ional  technique ,  examination of t h e  c r o s s  s e c t i o n  of an  ox id i zed  sample 
under an o p t i c a l  microscope. 
Grain s i z e  h a s  a n  e f f e c t  on t h e  o x i d a t i o n  behavior .  Armanet e t  a l .  [621 r epor t ed  
on t h e  o x i d a t i o n  behavior  of 80Ni-20Cr a l l o y  as a f u n c t i o n  of  average  g r a i n  s i z e .  
Depe~lding on the s t  r u c t u ~ r ,  tdo s i a g e s  oE two d i f f e r e n t  t ypes  of  gravimetrlc Cur- 
ves  were noted.  The f i r s t ,  which is nonparabol ic ,  i s  due t o  t h e  growth of a  N i O  
l a y e r  over  t h e  e n t i r e  s u r f a c e  of t h e  sample except  a t  g r a i n  boundar ies ,  where 
Cr203 forms. The second curve is  p a r a b o l i c  and i s  due t o  t h e  formation of a con- 
t inuous  l a y e r  of chromium sesquioxide  (Cr 0 ) at  t h e  g r a i n  boundaries .  The f i r s t  2  3 
s t a g e  is  s h o r t e r ,  and t h e  pa rabo l i c  s t a g e  sets i n  sooner  as t h e  average  g r a i n  
s i z e  i s  sma l l e r .  P i s c h i t e l l i  e t  a l .  i631 a l s o  observed t h a t  t h e  o x i d a t i o n  r a t e  i n  
Fe-29Ni-17Co a l l o y  depends on t h e  a l l o y  g r a i n  s i z e  and t h e  amounts of t h e  minor 
a l l o y  c o n s t i t u e n t s  and t h a t  t h e  r a t e  is  enhanced a t  g r a i n  boundaries .  
A s  t h e  ox ida t ion  process  con t inues ,  g r a i n  boundaries  w i l l  b e  p r e f e r a b l y  
oxid ized  by extended e x t e r n a l  ox ida t ion  o r  increased .  i n t e r n a l  ox ida t ion ,  o r  bo th ,  
r e s u l t i n g  i n  t h e  morphology shown i n  F igu re  7 (b ) . .The  o u t e r  s u r f a c e  of e x t e r n a l  
oxide s c a l e  w i l l  b e  cracked because of thermal  and mechanical stresses t o  b e  
d iscussed  i n  t h e  next  chapter .  
Table 4 summarizes t h e  pene t r a t ion  depth of ox ide  and i t s  th i ckness  a long  
t h e  g r a i n  boundary, g r a i n  s i z e ,  and th i ckness  of ox ide  formed on t h e  s u r f a c e  of 
va r ious  supe ra l loys .  This t a b l e  shows t h a t  by pro longing  t h e  o x i d a t i o n  process  
( i )  inward oxide  pene t r a t ion  may reach two g r a i n  s i z e s  i n  depth and ( i i )  t h e  
thickness of oxide formed along g ra in  boundaries inc reases  t o  roughly twice t h a t  
of t h e  oxide formed on t h e  su r face .  Therefore, the  g r a i n  boundary oxide must be 
c r u c i a l  f o r  thermomechanical f a t i g u e  phenomena ( e i t h e r  i n  crack i n i t i a t i o n  o r  
i n  crack propagation). Since t h e  r e l evan t  da ta  under uns t ressed  condi t ions  a r e  
lacking,  i t  is premature t o  draw conclusions here.  S u f f i c e  i t  t o  say t h a t  s t r e s s  
cycl ing  a c c e l e r a t e s  t h e  oxidat ion  r a t e  p a r t i c u l a r l y  a t  g r a i n  boundaries. 
The high-temperature engineering components whose s e r v i c e  l i f e  l i m i t s  a r e  
cont ro l led  by f a t i g u e  have been designed t o  a crack i n i t i a t i o n  c r i t e r i o n .  A com- 
ponent is considered t o  have f a i l e d  and is  removed from s e r v i c e  a s  soon as a crack 
reaches t h e  s i z e  of 0.031 inch (= 0.8 mm o r  800 pm). r 6 4 1  This c r i t i c a l  c rack s i z e  
is  comparable t o  t h e  g ra in  boundary oxide pene t ra t ion  depth i n  some of t h e  high- 
temperature a l l o y s  shown i n  Table 4. For longer s e r v i c e  times, t h e  pene t ra t ion  
depth could conceivably b e  deeper. 
. I V .  STRESS GENERATION AND ITS EFFECTS ON OXIDATION 
During high-temperature ox ida t ion  of  a me ta l ,  i n t e r n a l  s t r e s s e s  ( c a l l e d  a n  
auto-generated s t r e s s )  a r i s e  from v a r i o u s  causes mentioned below. The o x i d a t i o n  
behavior  w i l l  b e  inf luenced  n o t  on ly  by t h e  e x t e r n a l l y  a p p l i e d  stress b u t  a l s o  
[ 65 I by t h i s  auto-generated i n t e r n a l  s t r e s s  dur ing  o x i d e  format ion ,  
An i so the rma l  s t r e s s  can b e  a t t r i b u t e d  t o  f o u r  main causes  [66y671: ( i )  t h e  
. . 
[66y681 ( i i )  t h e  volume e p i t a x i a l  r e l a t i o n s h i p  between t h e  oxide  and t h e  me ta l ,  
[66 y671 ( i i i )  composition changes i n  r a t i o  between t h e  meta l  and t h e  oxide  formed, 
e i t h e r  t h e  meta l  o r  t h e  oxide  !69 ' 70y  71y 721 and ( i v )  t h e  i n f l u e n c e  of vacanc ie s  
[68,73,74,75,76] generated dur ing  ox ida t ion .  
It has  been s t a t e d  t h a t  stress may a r i s e  i n  ox ide  f i l m s  a s  a r e s u l t  of ep i -  
t a x i a l  i n t e r a c t i o n s  between oxide f i l m  and me ta l  s u b s t r a t e .  These i n t e r a c t i o n s  
inc lude  ox ide lme ta l  l a t t i c e  mismatch, formation of  pores  i n  t h e  ox ide  and metal 
[77,781 and a t  t h e i r  i n t e r f a c e ,  and t h e  growth morphology of  t h e  oxide.  
The stress i s  produced by l a t t i c e  expansion a s s o c i a t e d  w i t h  oxygen s o l u t i o n  
i n  t h e  s u r f a c e  l a y e r s  of t h e  meta l ,  by t h e  volume change t h a t  occu r s  when me ta l  1 
is  converted +-#? i ts oxide  a t  2 coherent i r , t .erface,  o r  by t h e  volume change due 
[791 t o  t h e  e x i s t e n c e  of a s u b s t a n t i a l  g r a d i e n t  i n  s to i ch iome t ry  a c r o s s  t h e  oxide.  
I f  an  oxide f i l m  is a coherent  and adherent  f i l m  and i f  l a t t i c e  mismatch exists ,  
i n t e r n a l  s t r e s s  w i l l  occur .  Table 5 l ists t h e  volume r a t i o  ($), de f ined  a s  t h e  
r a t i o  of t h e  molecular  volume of oxide (MeOx) t o  t h e  atomic volume of me ta l  
(Me) j8 p i l l i n g  and Bedworth [801 proposed t h a t  ox ide  f i l m s  could b e  d iv ided  i n t o  
two c l a s s e s  w i th  regard  t o  t h e i r  p r o t e c t i v e  a b i l i t i e s  by assuming t h a t  o x i d e  
growth t a k e s  p l ace  through a n  inward migra t ion  of oxygen through t h e  s c a l e ;  ( i )  
I f  t h e  oxide/metal  volume r a t i o  is  s m a l l e r  than one (e .g . ,  K20, BaO,  o r  MgO), 
,a t e n s i l e  i n t e r n a l  s t r e s s  w i l l  e x i s t  i n  a coherent  f i l m ,  and t h e  ox ide  w i l l  f a i l  
to  cover t h e  e n t i r e  meta l  su r f ace .  The oxide  w i l l  b e  nonpro tec t ive  because i t  is 
unable t o  form a coherent  s u r f a c e  f i l m ,  t hus  c o n t i n u a l l y  exposing f r e s h  metal I 
sur face .  ( i i )  I f  t h e  volume r a t i o  i s  l a r g e r  t han  1, t h e  oxide  w i l l  b e  p r o t e c t i v b  
except  f o r  ox ides  w i t h  extremely h igh  r a t i o s  (e .g . ,  Na  0 Ta205, Moo3, WOg, ori 2 5 '  i V 0 ) .  These oxides  a r e  accompanied by t h e  formation of  cracked o r  porous s c a l e s ,  2 5 
poss ib ly  a f t e r  an i n i t i a l  s t a g e  dur ing  which t h e  s c a l e  remains coherent .  I 1 
I Even i f  an  i d e a l  s i t u a t i o n  e x i s t e d  i n  which t h e  oxide  volume and meta l  vo-1 
lume were equa l ,  i t  is most l i k e l y  t h a t  each phase would have a d i f f e r e n t  c o e f f i -  
c i e n t  of thermal expansion. Thus, i f  coherene were maintained a t  a l l  t imes, i n t e r -  
f a c i a l  s t r a i n s  would be induced upon any change i n  temperatures. I n  genera l ,  t h e  
thermal d i l a t i o n  is very s i g n i f i c a n t ,  and the  magnitude of the  i n t e r n a l  s t r e s s e s  
[651 is o f t e n  equal  t o  g r e a t e r  than t h e  f r a c t u r e  stress of the  oxides. 
I f  t r a n s p o r t  occurs by an outward migrat ion of metal  by t h e  vacancy mecha- 
nism, vacancies may coalesce  t o  form c a v i t i e s  and pores a t  the  me ta l l sca le  i n t e r -  
f ace  and produce appreciable  poros i ty  i n  the  oxide s c a l e  a f t e r  more extended re- 
ac t ion .  The poros i ty  is  probably due t o  the  development of s t r e s s e s  with sub- 
sequent cracking,  a phenomenon c a l l e d  breakaway oxidation!781 ~ h e r e f  o re ,  t h e  
oxide t h a t  have medium value  of volume r a t i o  a r e  more l i k e l y  t o  be  p ro tec t ive .  
I n  p o l y c r y s t a l l i n e  m a t e r i a l ,  l a r g e  s t r e s s e s  may a l s o  develop a t  t h e  g r a i n  
boundaries owing t o  t h e  d i f fe rences  i n  oxidat ion  r a t e s  ( i )  between neighboring 
g ra ins  and between g r a i n s  and g ra in  boundaries and ( i i )  between d i f f e r e n t  crys- 
t a l  su r faces  of d i f f e r e n t  o r i e n t a t i o n s  !781 Formation of new phases (such a s  a 
spinel- type oxide by a s o l i d - s t a t e  r eac t ion)  during t h e  oxidat ion  r e a c t i o n  may 
[ a l l  f u r t h e r  s e r v e  a s  a source of s t r e s s .  
An i n i t i a l  compressive s t r e s s  i n  t h e  oxide due t o  e p i t a x i a l  growth is follow- 
ed by a period i n  which t h e  su r face  regions of t h e  n e l i x  were i n  tens ion because 
of vacancy i n j e c t i o n  i n t o  t h e  metal.  The n e t  stress may become compressive aga in  
a s  oxidat  ion proceeds. [771 Poole e t  a1!821 measured t h e  stress i n  t h i n  f i lms ( l e s s  
3 2 than  500 2 t h i ck )  of CuZO and FelOg a s  compressive s t r e s s e s  of 1.6 x 10 (Kglcm ) 
3 2 .  
and 2.7 x 10 ( ~ g / c m  ), respect ive ly .  These s t r e s s e s ,  whatever t h e i r  source ,  can 
have a profound e f f e c t  on f i l m  s t r u c t u r e .  These s t r e s s e s  may cause rup tu re  i n  
t h e  sca le .  
The i n t e r n a l  s t r e s s e s  do not  n e c e s s a r i l y  l ead  t o  rupture .  During isothermal 
oxidat ion a t  high-temperature, p l a s t i c  flow and s i n t e r i n g  of  the  oxide may a l s o  
t a k e  place. The s t r e s s  r e l i e f  due t o  p l a s t i c  deformation of oxide may prevent 
rupture  of t h e  s c a l e .  The p l a s t i c  deformation could b e  due t o  s l i p  o r  could in- 
[831 volve high-temperature creep i n  t h e  oxide. S i n t e r i n g  of t h e  oxide  may rake 
place through var ious  d i f fus ion  processes such a s  volume, g r a i n  boundary, and 
su r face  d i f f u s i o n s ,  the  r a t e s  of which a l l  i nc rease  exponent ia l ly  wi th  tempera- 
[781 ture .  
Nonuniform dimensional changes cause i n f e r n a l  s t r e s s e s .  These s t r e s s e s  a r e  
more s i g n i f i c a n t  i n  oxide f i lms  than i n  bulk metal s u b s t r a t e s .  Oxides l ack  duc- 
t i l i t y  t o  r e l i e v e  t h e  stress; consequently, cracking and s p a l l i n g  a r e  common i n  
oxides!84 Nonuniform dimensional changes may arise i r o n  any of t h e  fo l lowing  
184 I processes .  
( i )  Oxide phase t ransformat ion  
These may b e  exemplif ied e i t h e r  by t h e  r e c o n s t r u c t i v e  t r ans fo rma t ion  of 
q u a r t z  t o  c r i s t o b a l i t e  of SiO o r  by t h e  d i s p l a c i v e  t r ans fo rma t ion  of low c r i s -  2 
t o b a l i t e  t o  h igh  c r i s t o b a l i t e .  E i t h e r  change i n v l o l v e s  heat-induced expansion, 
which produces t e n s i l e  s t r e s s e s  i n  t h e  u n a l t e r e d  p a r t  of t h e  m a t e r i a l  and com- 
p r e s s i v e  s t r e s s  i n  t h e  t ransformed p a r t .  
( i i )  D i f f e r e n t i a l  thermal  expansions 
These a r e  t y p i f i e d  by m u l l i t e  p o r c e l a i n s  (A1  0 2Si0 ), which e x h i b i t  2 3 2 
d i f f e r e n t i a l  expansion i n  polyphase m a t e r i a l s ,  because  m u l l i t e  has  a l i n e a r  co- 
o 
e f f i c i e n t  of 5 x cm/cm/ C, wh i l e  t h e  sur rounding  g l a s s y  m a t r i x  has  a n  ex- 
- 6 o pansion c o e f f i c i e n t  of  7 x 10  cm/cm/ C. Nimonic h a s  l i n e a r  thermal  expansion 
o 0 1851 
c o e f f i c i e n t  of  18 x c / c m  C i n  t h e  tempera ture  range 200 - 1000 C ,  
wh i l e  t h e  sp ine l - type  ox ide  has  a l i n e a r  thermal  expansion c o e f f i c i e n t  of 7.6 - 
0 [86,871 8.8 x cm/cm/ C i n  t h e  same tempera ture  range. 
( i i i )  Aniso t ropic  thermal  expansion w i t h i n  c r y s t a l s  
AF zn  esarople, an alumina (41 O ) i n s u l a t o r  can ha-re a d j a c e n t  g r a i n s  
"2 3 
0 t h a t  expand 8.3 and 9.0 x lom6 cm/cm/ C i f  t h e i r  c-axes a r e  pe rpend icu la r  t o  
each o the r .  
( i v )  Temperature d i f f e r e n t i a l s  and t h e i r  e f f e c t  on dimensional  changes 
Here t h e  s imp les t  example is g l a s s ,  which might b e  cooled r a t h e r  slow- 
l y  s o  t h a t  t h e  o u t s i d e  l a y e r  c o n t r a c t s  thermal ly  w h i l e  t h e  c e n t e r  is s t i l l  h o t  
and s e m i e l a s t i c .  A t e n s i l e  s t r e s s  e x i s t s  i n  t h e  o u t s i d e  l a y e r  when t h e  i n s i d e  
is i n  compression. I f  t h e  t e n s i l e  stress i n  t h e  o u t s i d e  l a y e r  causes  n o n e l a s t i c  
deformation and r e l i e v e s  t h e  t e n s i l e  s t r e s s ,  and i f  t h e  g l a s s  is f u r t h e r  cooled ,  
t h e  c e n t e r  w i l l  be  i n  t e n s i o n  and t h e  o u t s i d e  l a y e r  w i l l  b e  i n  compression. Fur- 
t h e r  coo l ing  p laces  t h e  c e n t e r  under t e n s i o n  (and t h e  s u r f a c e  under compression) 
because the  r i g i d  s u r f a c e  cannot con t inue  t o  c o n t r a c t  as t h e  c e n t e r  c o n t r a c t s .  
The ways i n  which i n t e r m i t t e n t  coo l ing  from t h e  s e r v i c e  tempera ture  a f f e c t s  
weight l o s s ,  s c a l e  f r a c t u r e ,  buckl ing ,  and s p a l l i n g  have been wide ly  recognized. [ 
88'89990'911 Oxide s p a l l i n g  is enhanced by tempera ture  cyc l ing  and t h e  thermal- 
2 f a t i g u e  cond i t i ons .  A s p a l l i n g  weight l o s s  of 1 .0 mg/cm corresponds approximate- 
l y  t o  a l o s s  of i n  . / s i d e  of meta l  consumed. Oxide s p a l l i n g  u s u a l l y  exposes 
an a l l o y  t h a t  i s  dep le t ed  i n  t h e  p r o t e c t i v e  components (Cr and/or  Al) s o  t h a t  t h e  
subsequent oxidat ion  r a t e  is f a s t e r ,  wi th  cons iderable  metal  being consumed i n  
t h e  process!421 The p o t e n t i a l  s e v e r i t y  of c y c l i c  ve r sus  s teady temperature se r -  
v ice  is i l l u s t r a t e d  f o r  s i x  commercial a l l o y s  i n  Table 6!421 These a l l o y s  e x h i b i t  
a wide range of behavior because of t h e  complexity of t h e i r  r eac t ion  products ,  
a s  we l l  a s  d i f f e r i n g  e x t e n t s  of s u r f a c e  and i n t e r n a l  oxide a t t a c k .  
Rapidly forming oxides may have more poros i ty  and l a r g e r  nonstoichiometry 
than oxides t h a t  form slowly. Hence, a r ap id ly  forming oxide would be  more h ighly  
s t r e s s e d  and would rupture  before  reaching t h e  th icknesses  observed wi th  slowly 
- 
forming  oxide^!^ ' 37 9921 Wolf e t  a1Lg2 presented explora tory  work on t h e  phe- 
nomelogy of gaslmetal  r eac t ions ,  considering t h e  anisothermal oxidat ion  of 
n i c k e l  and t i tanium during heat ing  and when subjec ted  t o  a v a r i e t y  of con t ro l l ed  
heat ing  r a t e s .  They used two d i f f e r e n t  heat ing  p a t t e r n s  f o r  anisothermal oxida- 
t i o n ;  ( i )  hea t ing  r a t e  (114 OC, ~ O C ,  and 8Oclsec.) up t o  Tm (maximum temperature) 
of 950°, 100oO, and 1 0 5 0 ~ ~  with holding times of 1 and 4 hours, and ( i i )  a f t e r  
0 t h e  var ious  hea t ing  r a t e s ,  a cooling r a t e  of 8 Clsec. ,  followed by noholding 
time a t  Tm. A t  a very e a r l y  s t a g e  of isothermal oxidat ion ,  t h e  weight ga in  of 
the  r ap id ly  heated sample ( 8 ° ~ / s e c . )  was approximately 8 t i m e s  l a r g e r  than t h a t  
Ecated s i o ~ l ~  ( . 2 5 ~ ~ ! s e c . j .  3owevcr, a f t e r  a 1-hr holding t i n = ,  the mcics of 
weight l o s s e s  a r e  reduced t o  1 - 1.5. 
The r o l e  of thermal shock i n  oxidat ion  weight change i n  high-temperature 
r931 Sheet a l l o y s  was inves t iga ted  i n  research  conducted a t  Lewis Research Center.  
0 
specimens were oxidized i n  1-hr cycles ,  terminated by slow ( 1  Clsec.) o r  f a s t  
0 (240 C/sec.) cooling,  t o  accumulate 100 hours a t  temperature. Mater ia ls  were 
B-1900+Hf, IN-601 (both oxidized a t  1 1 0 0 ~ ~ )  , TD-Ni, TD-NiCrA1, IN-702, and Hoskins 
0 875 (oxidized a t  1200 C). Records of  t h e  progress ive  weight change a r e  shown i n  
Figure 8. For TD-Ni and Hoskins 875, no oxide  s p a l l i n g  was observed under e i t h e r  
.cyclic condit ion.  For TD-NiCrA1, t h e  shock condi t ion  r e s u l t e d  i n  extens ive  crack- 
ing of the  metal  and increased oxide l o s s  by s p a l l i n g .  For o t h e r  m a t e r i a l s ,  slow 
cooling r e s u l t e d  i n  g r e a t e r  oxide l o s s  by s p a l l i n g .  
V. MICROSTRUCTURAL CHANGES DUE TO LONG-TERM HEATING 
The important time-dependent p roper t i e s  such a s  creep s t r e n g t h  and oxida- 
t i o n  depend on the  me ta l lu rg ica l  s t r u c t u r e s .  The meta l  temperatures of t u r b i n e  
b lade  vary between 5 0 0 ' ~  and 950 O C. [94y951 A t  a  h igh enough s e r v i c e  temperature, 
the  me ta l lu rg ica l  s t r u c t u r e s  of nickel-base supera l loys  may change. 
Above 0.6Tm (Tm: melt ing temperature) ,  t h e  y '  phase (Ni3(A1,Ti)) r ipens  
( increases  i n  s i z e )  a t  a  s i g n i f i c a n t  r a t e .  The h igher  t h e  y '  p a r t i c l e  s i z e ,  the  
h igher  t h e  creep res i s t ance .  Therefore, minimizing r ipen ing  w i l l  h e l p  t o  r e t a i n  
long-term creep r e s i s t a n c e ,  [961 by ( i )  inc reas ing  y' percent  [981 o r  ( i i )  adding 
[961 high-par t i t ioning and slow-diffusing Nb and Ta t o  t h e  a l l o y .  
Depending on t h e i r  fo rmabi l i ty ,  nickel-base supera l loy  products  a r e  usua l ly  
used a s  ( i )  shee t  such a s  Waspaloy and Rene 41 wieh 25% y', ( i i )  wrought ( t h e  
s t ronges t )  such a s  Udimet 700 wi th  25% y ' ,  and ( i i i )  c a s t  such a s  IN-100 and 
Mar-M 200 w i t h  55 - 65% y '  1971 The shee t  M-252 of low volume percent  y '  has  low- 
e r  flow s t r e s s  than c a s t  Inconel a l l o y  700 of h igh percent  y'. The s e n s i t i v i t y  
of flow stress t o  changes i n  y' p a r t i c l e  s i z e  was much g r e a t e r  i n  t h e  more l ean  
[961 a l loys .  '&ile a high volume f r a c t i o n  of y '  is d e s i r a b l e  f o r  high y i e l d  and 
t e n s i l e  s t r e s s e s ,  t h e  f a t i g u e  s t r e n g t h  seems t o  b e  lowered wi th  inc reas ing  volume 
[99 I f r a c t i o n  of  y '  p a r t i c l e s .  
Several  genera l  r u l e s  can be  derived t o  r e l a t e  ca rb ide  types t o  a l l o y  com- 
pos i t ions  a f t e r  approximately 5000 hours of se rv ice .  These r u l e s  a r e  derived 
from t h e  computer modelling s t u d i e s  on t h e  formation and decomposition of car-  
b ides  [ 101, [loo] and long-term (700 t o  5000 hours) m e t a l l u r g i c a l  experimental da ta .  
lo2 ]  The genera l  f ind ings  a r e  as follows: (1) Below t h e  c r i t i c a l  temperatures of 
matr ix  phase s t a b i l i t y  ( 8 1 5 ' ~ ) ~  g r a i n  boundaries a r e  r e l a t i v e l y  s t a b l e ;  and MC 
and M C a r e  t h e  p r i n c i p a l  equil ibrium phases. (2) Low chromium and high colum- 23 6  
bium, tantalum, molybdenum, tungsten,  and i ron  s t a b i l i z e  MC ca rb ides  and improve 
d u c t i l i t y .  (3) A t  and above ~ O O O ~ C ,  C r  C has been found only i n  a b a s i c  Ni -Cr -  7  3  
Ti-A1 super la l loy  such a s  Nimonic 80A. Addition t o  t h e  b a s i c  supera l loy  of c o b a l t  
(Nimonic go) ,  molybdenum (Waspaloy), tungsten (D-979), o r  columbium (Inconel  
a l l o y  X-750) removes t h i s  chromium carbide .  (4) A t  a temperature of 980°c, c l o s e  
t o  the  upper design region,  MC, M C ,  and M C a r e  pseudoequilibrium phases i n  6 23 6  
supera l loys  o t h e r  than Nimonic 80A. High C r ,  T i ,  A l ,  and Ta favor  t h e  formation 
of M23C6; high Mo and W favor  M C ;  and Nb and Ta favor  MC. (5) As t h e  s e r v i c e  6  
temperature inc reases ,  the  carbon content  of n i c k e l  a l l o y s  may slowly decrease. 
Af te r  very long exposure, a l l o y  such a s  Udimet 500 (0.05C) have appeared t o  
lose  a l l  MC due t o  decarbonization. [961 
These mic ros t ruc tu ra l  changes (y ' -r ipening,  carbide-prec ip i ta t ion ,  and de- 
carboniza t ion)  due t o  long-term exposure a t  high-temperature may cause d i f f e -  
r e n t  high-temperature low-cycle f a t i g u e  o r  thermomechanical f a t i g u e  behaviors. 
The y'-ripening causes the  decrease of an e f f e c t i v e  element (Al) f o r  the  for -  
mation of t h e  p ro tec t ive  oxide,  and a s  a  r e s u l t ,  o v e r a l l  oxidat ion  r e s i s t a n c e  
decreases. Carbide-precipi tat ion provides more c r a c k - i n i t i a t i o n  sites, t o  b e  
discussed i n  the  next  chapter .  Therefore, both mic ros t ruc tu ra l  changes may 
shorten the  high-temperature f a t i g u e  l i f e  i n  nickel-base superal loys.  
The tu rb ine  b lade  a l l o y s  a r e  genera l ly  h e a t  t r e a t e d  t o  provide a  duplex y '  
morphology cons i s t ing  of l a r g e  cuboidal p r e c i p i t a t e s ,  which confer  good c reep  
r e s i s t a n c e  and small  s p h e r i c a l  p r e c i p i t a t e s  t h a t  inc rease  t h e  t e n s i l e  s t r eng th .  1 
96,1031 
The e f f e c t s  of micros t ructure  on e leva ted  temperature f a t i g u e  and creep 
crack growths were s t u d i e d  by Merrick e t  a l .  [ lo4]  on Waspaloy and P/N Astroloy 
0 
a t  650 2. They r lyor t ed  t h a t  i u  Z;lspaioy, changes i n  y '  s i z e  and d i s t r i b u t i o n  
d id  not markedly a f f e c t  t h e  f a t i g u e  crack growth r a t e .  However, they not iced  
t h a t  an inc rease  i n  f a t i g u e  crack growth r a t e  occurred a t  low t e s t  f requencies  
and was assoc ia ted  wi th  a  t r a n s i t i o n  t o  i n t e r g r a n u l a r  crack propagation. I n  
P/M Astroloy,  a  coa r se r  g ra in  s i z e  lowered the  f a t i g u e  crack growth r a t e .  Se- 
r r a t e d  g ra in  boundaries a r e  b e n e f i c i a l  under creep loading but  have no e f f e c t  
on t h e  f a t i g u e  crack growth r a t e .  
There seems t o  be  genera l  agreement, however, t h a t  a  f u r t h e r  complicating 
f a c t o r  is t h a t  the  p r e c i p i t a t e  s t r u c t u r e  genera l ly  encountered i n  nickel-base 
a l l o y  is  not s t a b l e  under s t r e s s  a t  e levated  temperatures. [491051 Phase s t a b i l i t y ,  
p a r t i c u l a r l y  of the  p r e c i p i t a t e s  i s  a l s o  r e l a t e d  t o  mechanical stress. Gas- 
tu rb ine  b lades  made of Ni-alloy El893 were inves t iga ted  i n  the  i n i t i a l  s t a t e  and 
a f t e r  11,000 hours of opera t ion  a t  7 3 0 0 ~ 1 ~ ~ '  A f t e r  s e r v i c e  t h e  t e n s i l e  s t r e n g t h  
increased 10 - 22%, bu t  the  d u c t i l i t y  and impact s t r e n g t h  were reduced 50% because 
of the  aging process. 
From t h e  foregoing review of m a t e r i a l  degradation under the  combination 
of s t r e s s  and high-temperature oxidat ion ,  i t  is  c l e a r  t h a t  these  phenomena may 
have even more important e f f e c t s  on oxidat ion  behavior a t  g ra in  boundaries and 
tha t  t h i s  could be c r u c i a l  t o  HTLCF (High-Temperature Low-Cycle Fatigue [1061) 
and TMF (Thenno-Mechanical Fatigue I1071 
V I .  HIGH TEMPERATURE FATIGUE CRACK INITIATION AND PROPAGATION 
Surface f a t i g u e  cracks o f t en  o r i g i n a t e  a s  i n t e r g r a n u l a r  cracks  i n  a i r  a t  
high temperatures, e s p e c i a l l y  a t  low frequencies.  Both environment (pa r t i cu la r -  
l y  oxidat ion) and time-dependent flow can infuence t h e  propensi ty f o r  i n t e r -  
granular  s u r f a c e  crack i n i t i a t i o n ,  s i n c e  cracks a r e  o f t e n  developed a s  a  con- 
sequence of t h e  g ra in  boundary s l i d i n g ,  void coalescence,  and g r a i n  boundary 
[lo81 oxidat ion.  
Surface oxidat ion  is det r imenta l  t o  f a t i g u e  because i t  can cause t h e  for -  
mation of s t r e s s  r a i s e r s  (such a s  voids o r  oxide cracks ,  a s  was discussed i n  
chapter  IV), and t h e r e f o r e  i t  can a c c e l a r a t e  crack i n i t i t a i o n .  Paskie t  I1091 has 
shown t h a t  preoxidat ion of a  specimen a t  9 8 2 ' ~  followed by f a t i g u e  t e s t i n g  a t  
0 760 C produced many s u r f a c e  in te rg ranu la r  cracks ,  whereas, t e s t i n g  of specimens 
without p r i o r  oxidat ion  produced a s i n g l e  i n t e r g r a n u l a r  crack. Thus, preoxidized 
phases o r  g r a i n  boundaries served a s  i n c i p i e n t  cracks. ~ u ~ i t a [ l l O ]  has  a l s o  
proposed a model f o r  acce la ra ted  oxidat ion  of surface-connected s l i p  bands, which 
serve  a s  crack nuc le i .  Danek [1111 and Achter ['12] have explained t h a t  a t  high 
s t r e s s e s  end s h o r t  f a t i g u e  l i v e s ,  oxygen izdsorption a t  thc  crack ti? zcc:lcr:t:s 
t he  r a t e  of crack growth i n  a i r ,  while a t  low s t r e s s e s ,  a  t h i c k e r  oxide is formed, 
which is thought t o  s t rengthen the  metal.  
According t o  l o c a l i z e d  oxidat ion  l e a d s  t o  a  "notch" a t  t h e  
su r face  and l o c a l i z a t i o n  of t h e  s t r a i n ,  which a c c e l e r a t e s  f u r t h e r  oxidat ion  and 
sharpens t h e  notch. This r e in fo rc ing  c y c l e  continues u n t i l  l o c a l  f r a c t u r e  occurs. 
This r e s u l t s  i n  a  crack,  which they can propagate i n t o  t h e  ma te r i a l .  It has  been 
seen t h a t  t h e  i n i t i a l  region of oxidat ion  is o f t e n  broad and d i f f u s e ,  bu t  the  
notch c rea ted  by the  ma te r i a l  removed through ox ida t ion  a c t s  t o  concentra te  the  
, deformation f u r t h e r ,  leading t o  a  wedge-shaped notch and f i n a l l y  a  crack. On A286 
(iron-base supera l loys)  , Coffin i d e n t i f i e d  h ighly  l o c a l i z e d  s u r f a c e  oxidat ion  a s  
the  nuclea t ion  s i t e  f o r  f a t i g u e  cracks under low-cycle f a t igue .   off in['l4] t e s t e d  
0 A286 and Udimet 500 a t  816 C and reported t h a t  c rack i n i t i a t i o n  was t r ansgranu la r  
-8 i n  vacuum (10 t o r r )  and in te rg ranu la r  i n  a i r .  Therefore,  oxidat ion  s t rong ly  
a f f e c t s  f a t i g u e  crack i n i t i a t i o n ,  p a r t i c u l a r l y  along g r a i n  boundaries. 
In f a c t ,  i t  has been genera l ly  accepted t h a t  i n  engineering a l l o y s ,  f a t i g u e  
crack i n i t i a t i o n  occurs a t  some p reex i s t ing  de fec t .  [11591161 Defects  can be micro- 
pores t h a t  a r e  introduced i n  cas t ing  o r  atomization,  inc lus ions  (both m e t a l l i c  and 
nonmetal l ic) ,  and mic ros t ruc tu ra l  f e a t u r e s  such a s  ca rb ides  and b r i t t l e  second 
phases. ['I7 "18' I n  a d d i t  ion ,  micros t ruc  t u r a l  f e a t u r e s  such a s  g r a i n  boundaries ,  
twin boundar ies ,  o r  p r e c i p i t a t e s  can be  c rack  n u c l e a t i o n  s i t e s .  I n  gene ra l ,  de- 
f e c t s  can be  any d i s c o n t i n u i t y  i n  t h e  m i c r o s t r u c t u r e  which a c t s  t o  r a i s e  t h e  
l o c a l  s t r e s s  l e v e l .  As a r e s u l t ,  l o c a l i z e d  p l a s t i c  deformation can be  genera ted  
i n  reg ions  ad j acen t  t o  t h e  d e f e c t s  even a t  a nominal stress w e l l  below t h e  y i e l d  
s t r e s s  of t h e  m a t e r i a l .  This  l o c a l i z e d  deformation p roces s  is important  i n  f a t i g u e  
c rack  i n i t i a t i o n .  ['16] Therefore ,  t h e  g r e a t e r  t h e  p l a s t i c  s t r a i n  concen t r a t ion ,  
t he  g r e a t e r  i t s  e f f e c t  on c rack  nuc lea t ion .  
0 I n  c a s t  Udimet 500, c r ack  i n i t i a t i o n  i n  low-cycle f a t i g u e  a t  650 C occurs  
[I19 I p r e f e r e n t i a l l y  a t  s u r f a c e  c a r b i d e  p a r t i c l e s ,  which cracked dur ing  t e s t i n g .  
Subsequent c rack  propagat ion  was found t o  b e  i n  t h e  s t a g e  I mode a t  t h i s  tempe- 
0 
r a t u r e .  A t  815 C,  c r ack  i n i t i a t i o n  occurred  p r e f e r e n t i a l l y  a t  g r a i n  boundar ies  
and i n t e r d e n d r i t i c  c a r b i d e  p a r t i c l e s ,  w i t h  subsequent  propagat ion i n  t h e  s t a g e  
0 I1 mode. A t  982 C, f a t i g u e  c rack  i n i t i a t i o n  t akes  p l a c e  t o t a l l y  a t  g r a i n  boun- 
d a r i e s .  
[1201 c racks  s t i l l  o r i -  I n  t h e  c a s e  of columnar and s i n g l e - c r y s t a l  Mar-M 200, 
0 g ina ted  a t  t h e  ca rb ides  and micropores a t  760 C and 927'~. On t h e  o t h e r  hand, i n  
convent iona l lp  cast Mar-M 200, g r a i n  boundaries  were t h e  p r e f e r r e d  sites f o r  
0 
c rack  i n i t i a t i o n  and propagat ion a t  7 6 0 ' ~  and 927 C. The mode of propagat ion  
i n  t h e  columnar and s i n g l e - c r y s t a l  materials was t r a n s g r a n u l a r .  The growth 
r a t e  was s lower  and f a t i g u e  l i v e s  were one o r  two o r d e r s  of magnitude h ighe r  
than those  of  convent iona l ly  c a s t  Mar-M 200, i n  which c racks  grew i n t e r g r a n u l a r -  
l y  
[1219122'1231 s t u d i e d  Udimer 7000 and found t h a t  ( i )  from t h e  Wells e t  a l .  
room tempera ture  t o  64g0cj l o c a l i z a t i o n  of s l i p  i n  d i s c r e t e  bands l e d  t o  s l i p -  
0 band c rack  i n i t i a t i o n  a t  f r e e  s u r f a c e s ,  ( i i )  a t  760 C ,  s u r f a c e  c rack ing  became 
predominantly i n t e r g r a n u l a r ,  because of t h e  r educ t ion  i n  g r a i n  boundary s t r e n g t h  
0 
and ( i i i )  at 927 C ,  c rack  i n i t i a t i o n  a s  w e l l  as propagat ion  were i n t e r g r a n u l a r .  
[I191 This  observa t ion ,  i n  g e n e r a l ,  ag rees  w i t h  t h a t  o f  Sabol  et a l .  
As temperature i n c r e a s e s ,  i n d i c a t i n g  of s u r f a c e  i n t e r g r a n u l a r  c r ack  i n i t i -  
[1221 A t  8 7 0 ' ~  a l l  t h e  c r ack  i n i t i -  a t i o n  have been found i n  wrought Udimet 700. 
a t i o n  i n  t h i s  m a t e r i a l  is  a t  t h e  s u r f a c e  and is i n t e r g r a n u l a r .  Of ten ,  t h e s e  
i n t e r g r a n u l a r  s u r f a c e  c racks  propagate  only  one g r a i n  d iameter  b e f o r e  a t r an -  
s i t i o n  t o  t r a n s g r a n u l a r  c racking  occurs .  
Crack i n i t i a t i o n  has  been observed a t  ox id i zed  c a r b i d e s  a t  t h e  s u r f a c e  
o [124] 
where ca rb ides  were decomposed of Inconel  718 t e s t e d  i n  a i r  a t  850 C. 
[I251 Fatigue crack was i n i t i a t e d  a t  carbides  i n  Rene 95. 
/ 
Antolovich e t  a 1  . concluded from work on ~ e n g  80 and Rene 77 t h a t  low- 
cyc le  f a t i g u e  damage a t  e levated  temperatures is  p r imar i ly  i n  t h e  form of oxi- 
da t ion  o r  oxide penet ra t ion  along surface-connected g r a i n  boundaries. A crack is  
sa id  t o  i n i t i a t e  a t  a c r i t i c a l  degree of boundary penetration.,  a s  w a s  discussed 
i n  t h e  previous chapter .  
Recently, Matsuoka e t  a l .  reported t h a t  f a t i g u e  cracks are i n i t i a t e d  
a t  g ra in  boundaries of Fe-9Cr-1Mo s t e e l  t e s t e d  a t  5 9 3 O ~  and 700 '~  s i n c e  t h e  
ea r ly  f r a c t u r e  is in te rg ranu la r .  
Less d i r e c t ,  but  never the less  s i g n i f i c a n t ,  is  t h e  metal lographic evidence 
t h a t  c rack propagation i n  a i r  a t  high-temperature is accompanied by h ighly  lo- 
ca l i zed  oxidat ion  on t h e  f r a c t u r e  su r face .  This,  i n  t u r n ,  l eads  t o  oxide extru-  
s ion ,  o r  r idging,  a s  i n  t h e  case  of c a s t  Ni-base supera l loys  o r  t h e  formation 
of complex s u r f a c e  oxide s t r u c t u r e s  as f o r  A 286. Dennison e t  a l .  [I29 1 
found a similar behavior  f o r  c a s t  IN-100, and f a t i g u e  f r a c t u r e  occurred by t h e  
propagat ion  of  su r f  ace-nucleated cracks. Romanoski [1301 s tud ied  high-temperature 
low-cycle f a t i g u e  on ~ e n g  80 and 111-100 a t  871°c and 1 0 0 0 ~ ~  and observed t h a t  
crack i n i t i a t i o n  and propagation genera l ly  occurred a t  gra in  boundaries because 
they possess poorer mechanical s t r eng th .  
Most a l l o y s  when t e s t e d  a t  e levated  temperatures under c y c l i c  loading,  
including hold  times, usua l ly  e x h i b i t  a l e s s e r  f a t i g u e  r e s i s t a n c e  i n  terms of 
c y c l i c  l i f e  i f  t h e  hold  is i n  tens ion r a t h e r  than i n  compression. 'I3' However, 
Teranishi  e t  a l .  11311 found t h a t  a compression hold  can be  more damaging than a 
tens ion hold f o r  2ziCr-1Mo s t e e l .  The reason f o r  t h e  e f f e c t  of hold  time on c y c l i c  
l i f e  can be r e l a t e d  t o  t h e  behavior of t h e  oxide immediately a f t e r  t h e  hold t i m e .  
Af ter  a tens ion hold,  the  oxide s p a l l s  t o  produce a new sur face ,  which, a t  l e a s t  
i n  the  e a r l y  s t a g e s  of t h e  t e s t ,  d id  not  conta in  macroscopic cracks.  On the  o t h e r  
hand, a f t e r  a compression hold,  t h e  oxide cracks r a t h e r  than s p a l l s ,  thereby 
c rea t ing  l o c a l i z e d  s t r e s s  and s t r a i n  concentra t ions .  These f a c i l i t a t e  the  e a r l y  
nuclea t ion  of f a t i g u e  cracks i n  t h e  s u b s t r a t e ,  one of which w i l l  u l t ima te ly  
be responsib le  f o r  f a i l u r e  of t h e  specimen. 
Suzuki e t  al!t321 using 1Cr-1Mo-CV s t e e l  t e s t e d  a t  500 - 600°c, found t h a t  
t h e  repeated formation of Fe 0 oxide followed by s p a l l i n g  a c c e l e r a t e s  t h e  f a t i g u e  2 3 
crack propagation r a t e .  S imi lar  r e s u l t s  were obtained by Skelton on Cr-Mo-V 
s t e e l .  
Crack nuclea t ion  by oxide r idging a t  su r face  g r a i n  boundaries has been 
- 22 - 
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observed t o  b e  more c h a r a c t e r i s t i c  of  c a s t  Ni-base s u p e t a l l o y s  a t  1600 F (871 C). 
1341 In  a l l  c a s e s ,  c rack  nuc lea t ion  is i n t e r g r a n u l a r ,  w i t h  oxide  r i d g i n g  be ing  
t h e  p r i n c i p a l  mechanism. Propagat ion,  on t h e  o t h e r  hand, is  t r a n s g r a n u l a r  a t  a l l  
f requencies  (0.03 - 36.2 cpm) t e s t e d .  This  t r a n s g r a n u l a r  c rack  propagat ion is 
be l i eved  t o  account  f o r  t h e  frequency i n s e n s i t i v i t y  found a t  h igh  s t r a i n  and 
s h o r t  f a t i g u e  l i v e s ,  through c rack  t i p  b l u n t i n g  due t o  o x i d a t i o n  w i t h  decreas ing  
frequency. Transgranular  c r a c k  growth a c t s  t o  enhace t h e  r e s i s t a n c e  o f  t h i s  a l l o y  
11341 t o  f a t i g u e  a t  h igh - s t r a in  low-cycle frequency and h o l d  time. 
P 
Among t h e  nickel-base supe ra l loys  (IW-100, IN-738, M a r - M  200, ~ e n e '  77, Rene 
80,  en: 95, Inconel  a l l o y  600, Inconel  a l l o y  718, Udimet 500, and Udimet 700) 
t e s t e d  by s e v e r a l  r e s e a r c h e r s  c i t e d  i n  t h i s  chap te r ,  Incone l  a l l o y  718 and Udimet 
500 con ta in  18 - 19%Cr ( s e e  Table 7) .  This  amount of chromium is n e a r l y  enough 
t o  provide a  p r o t e c t i v e  s u r f a c e  oxide  f i l m ,  when a  specimen is stress f r e e ,  a s  
was d iscussed  i n  chap te r  11. However, under a  c y c l i c  l o a d ,  c r acks  a r e  i n i t i a t e d  
o [114, 
a t  g r a i n  boundar ies  and propagated i n t e r g r a n u l a r l y  i n  Udimet 500 above 815 C 
'lg1 and c rack  i n i t i a t i o n  i s  observed a t  ox id i zed  ca rb ides  i n  Inconel  a l l o y  718 
o 11241 
a t  850 C. These obse rva t ions  sugges t  t h a t  on m a t e r i a l  con ta in ing  about  s u f f i -  
c i e n t  ch ro r~ iux  c3::tent f c r  the £0-rnztiun s f  p rc t ec t i - r e  ox ide  f i l m ,  s u c 5  files 
a r e  n o t  p r o t e c t i v e  a g a i n s t  f a t i g u e  cyc l ing .  . 
I n  g e n e r a l ,  t h e  e f f e c t s  of tempera ture  is  t o  cause  an i n c r e a s e  i n  t h e  f a t i g u e  
c rack  growth r a t e ,  a s l i g h t  decrease  i n  t h e  t h r e s h o l d  AK, and a g r e a t e r  s ens i -  
t i v i t y  t o  frequency e f f e c t s .  A t  e l e v a t e d  tempera tures  i n  a i r ,  t h e  c y l c i c  c r ack  
growth r a t e s  da/dN i n c r e a s e  w i t h  decreas ing  frequency. I n  s e v e r a l  n icke l -base  
-5 
supe ra l loys ,  t h e  f a t i g u e  c r a c k  growth rates range from 2 x 10  t o  2 x i n . /  
1135 I 
cyc le .  
Gel1 and Duquette i n t e r p r e t e d  t h e  v a r i a t i o n s  of  high-temperature f a t i g u e  
l i f e  i n  terms of creep-oxidat ion i n t e r a c t i o n .  They proposed t h a t  i n  t h e  regime 
of high s t r e s s e s  and s h o r t  f a t i g u e  l i v e s ,  c r ack  i n i t i a t i o n  and c r a c k  propagat ion 
a r e  i n t e r g r a n u l a r  because of t h e  h igh  c reep  component dur ing  a  f a t i g u e  cyc le .  
For t e s t s  run i n  a i r ,  ox ida t ion  of g r a i n  boundary phases a c c e l e r a t e s  t h e  r a t e s  
of i n t e r g r a n u l a r  c rack  i n i t i a t i o n  and propagat ion  and reduces t h e  f a t i g u e  l i f e .  
But,  a s  t h e  s t r e s s  is lowered, t h e  c r eep  component i n  a f a t i g u e  c y c l e  is reduced, 
' El371 which favors  a  t r a n s g r a n u l a r  mode of c racking  and l o n g e r  f a t i g u e  l i f e .  
~ c a r l i n " ~ ~ ~  has  shown t h a t  t h e  c rack  propagat ion r a t e s  f o r  bo th  Nimonic 
105 and I N  738LC increased  a s  t h e  c y c l i c  frequency decreased  f o r  high-temperature 
t e s t s  i n  a i r .  The d a t a  a l s o  showed a h ighe r  r a t e  of c r a c k  growth i n  a ir  than i n  
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a vacuum. Scarlin concluded that oxidation was the controlling factor in increas- 
ing the propagation rates in air. J,ames has also studied the effect of oxi- 
dation on Ni-base superalloys (Inconel 600 ans Inconel 718). Crack growth tests 
[I391 The at elevated temperatures were performed in air and in liquid sodium. 
growth results showed that crack propagation in liquid sodium was slower than in 
air, especially in the lower AK regime. The decrease in crack growth rate in 
liquid sodium was associated with the presence of an oxygen free environment. 
Recently, ~ e e r a s o o r i ~ a ~ ~ ~ ~ ~ s t u d ~ i n ~  fatigue crack growth rate in IN 718 and 
IN 100 as a function of temperature (21 - 648'~) and frequency (0.001 - 10 Hz), 
reported that the fracture surface was entirely covered with oxide and that the 
color (which is related to the thickness of oxide film) changed continuously 
depending on temperature and frequency (i.e:, oxidation time). 
Oxide films are protective if they adhere to the substrate. The film may 
crack or spall, however, if the sum of the internal and applied stresses exceed 
the fracture strength of the oxide or the adhesion strength. Both fracture and 
adhesion strengths can be affected by the temperature, the time at the temperature, 
and possibly the total accumulated cyclic strain. 
Gr*in tobndaries are sites of higlier energy, mors com2lex composition, iind 
higher chemical reactivity than the grain matrix. Therefore, the rate of oxi- 
dation is faster at the grain boundary than within a grain. Accordingly, the 
oxide is much thicker in the grain boundary region, and the grain boundaries are 
the location of potential layer oxide cracks. The nonuniform oxidation rate on 
the surface of an alloy causes complex internal stresses. Spalling will produce 
geometric notches in the oxide layer. Both cracks and notches will expose "fresh" 
substrate material for further.oxidation, and the strain localization at the 
notches and the crack tips will accelerate the crack nucleation process within 
the matrix material. 
Oxidation depletes A1 and Cr, which are the major constituents for the y  
and y '  strengthening phases. The depletion of A1 and Cr weakens the resistance 
to plastic deformation, including resistance to cyclic plastic deformation, which 
is one of the principal mechanisms of fatigue crack initiation. 
When crack growth during a fatigue cycle (da/dt)At by the mechanism of oxi- 
dation is slower than crack growth by the "regular" cyclic deformation mechanism, 
then the cyclic crack growth.wil1 take over as the major damaging mechanism. Once 
a crack starts to grow by the cyclic mechanism, the growth rate at high tempera- 
ture can be accelerated by oxidation and/or creep. 
Let us define the cyclic crack growth rate without environmental and creep 
effects as Aa To affect oxidation, oxygen has to be transported to the crack f ' 
tip. Let Aa- be the depth of penetration by the detrimental chemical species, i. 
Y 
e. , oxygen. According to Gel1 et al! the rare-controlling mechanism is either 
the surface diffusion of oxygen to the crack tip or the diffusion of oxygen to 
the region ahead of the crack tip, either through the lattice or along grain 
boundaries. In addition, the mechanism of direct adsorption and diffusion along 
slip bands could also be the rate-controlling mechanism. 
When Aaf >> Aa the chemical environment will have a negligible effect on 
P ' 
the overall rate of crack growth. This could be the case of low temperature and 
high cyclic frequency. This is the region of nil-environmental effect, as sugget- 
[141,142] 
ed by Liu and McGowan. In this region, the cyclic crack growth rate is 
not temperature- and frequency-dependent. 
When Aa >> A the detrimental chemical species reaches far ahead of the 
P f' 
crack tip. In this case, a crack is propagating in a fully embrittled solid. 
Again da/dN is not temperature- and frequency-dependent. This is called the 
fully-environmental effect region. Between these limits, Aa is comparable f 
+ ,, . ,,_, n ., and dz/dN is both  temperat1:re- and frequency-dependent, Fignre 9  ill:^-. 
r 
strates schematically the fatigue crack growth rate as a function of AK, tem- 
[I421 perature (T), and cyclic frequency ( v ) .  
Cyclic plastic deformation at the crack tip may fracture the oxide film 
and expose nascent surface for oxidation attack. 
When creep accelerates fatigue crack growth, there seems no valid reason 
for a limit line to which all the crack growth rate data at various temperatures 
and frequencies converge. 
When the cyclic plastic zone size is small relative to the grain size, the 
crack plane follows specific metallographic planes, crack growth is faceted, and 
the rate of fatigue crack growth is dependent on crystal orientation and may 
vary from grain to grain. 
Consequently, there are two main competing mechanisms involved in high tem- 
perature low-cycle fatigue. To determine which is dominant, a comparison should 
be made between the crack growth rate (daldt) during a fatigue cycle by the mecha- 
nism of the grain boundary oxidation and the crack growth rate v(da/dN) by the 
I I regular" cyclic deformation mechanism. 
So far, this review has concentrated on general oxidation behavior and lo- 
calized oxidation (e.g., selective oxidation, internal oxidation, and grain 
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boundary oxidation) of nickel-base superalloys as well as stress generation and 
microstructural changes during the oxidation process. It has also been shown that 
grain boundaries as well as carbides will be sites for fatigue crack initiation, 
and that grain boundary oxidation has strong effects on not only fatigue crack 
initiation but also its propagation stage. Figure 10 summarizes the information 
presented in this review and illustrates the interrelationships among the factors 
that are important for high-temperature fatigue phenomena. 
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Table 1 Heats of  decomposition o f  indiv idual  oxide 
o f  a l l o y i n g  elements i n  Nickel-base a l l o y s  [8] 
metal 
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oxide 












minor a l l o y i n g  element 
Table 2 
activation energy for self-diffusion, -Q [~cal/mole] 
system calculated from fig . 3  ref. data 
Co / coo 
Ni /NiO 
Table 3 
activation energy for high temperature oxidation, -Q [Kcal/mole] 
weight % 
material calculated Q Cr Co Mo A1 Ti Nb 
from fig. 4 
INCO 713 87 

Table 5 Volume ratio of oxides 
molecular volume of oxide 
metal oxide volume ratio ($) = 











N i  N i O  1 .65  
Table 6 Effec t s  of c y c l i c  air oxidat ion  on s p a l l i n g  
(400 hr a t  1 1 0 0 ~ ~ )  [421 
Static Exposure Cyclic Exposure ' 
Total ~ f f c c t e d ~  Total hffcstcdh 
Spallcd Oxide irlctai Spaled Ox~de Metal 
(mg/cm2 ) (niil/side) (mg/cm2) (mil/side) 
RenC 8 0  15.2 7.3 101.0 12.9 
IN-I00 3 .O 4.6 8.7 12.5 
713C 2.7 1.8 36.8 9.5 
Hastclloy X 0.5 2.5 3.4 4 .O 
Ren6 Y 0 1.8 0.07 2.0 
TD Ni-Cr 0 0.8 0.3 1 .O 
16-25 hr cyclcs to room temperature. 
lncludcs metal that converted to oxidc and 10 ( i n f e r n a l  oxides)  
Table 7 Chemical compositions of Nickel-base supera l loys  ( ~ 1 0 )  
Alloy Designation 
Nickel d a s e  











n ~ r - H  200(DS) 







SEL-15 . . 
TAE-8A 





I lastel loy a l l o y  X 
tnconel a l l o y  600 
Inconel a l l o y  601 
- Inconel a l l o y  625 
lnconel a l l o y  706 
tnconel a l loy  718 






Nimonlc a l l o y  75 
Nimontt a l loy  BOA 
Nimonie a l l o y  90 
Nlmonic a l l o y  105 
Nimonlc a l loy  115 
Nimonic a l loy  PE.11 
Nimonlc a l loy  PE.16 
Nimonlc a l l o y  PK.33 
Nimonlc a l l o y  120 
Nimonlc a l loy  942 
Pyro~rr 860 
M-333 
 en: 41 



































. - 3.0 
- 6.5 
Compoaition. Weight X 
Zr Other 
--
I I 1 I I 
. 10 100 loo0 10,000 
Time. min 
(a) ~en6-41 
19%Cr, 11%Co, 10%Mo, 3.1%Ti, 1.5%A1, 
so01 I 1 I 1 1 10 100 1000 10,000 
Time, min 
(b) Udimet-700 
15%Cr, 19%Co, 5%Mo, 3.5%Ti, 4.5%A1 
Note: i) phases in the numerators represent the external scale, 
ii) phases in the denominator represent the internal scale, 
@ represents the linear oxidation region, 
@and@ represent the parabolic oxidat ion regions, and 
@represents a constant weight region after 1000 min. 
Fig. 1 schematic representation of reaction products formed 
as a function of time and temperature in air oxidation [ l o ]  
compact N i O  layer 
[NiCrCoMoTiAl ] al loy  
(a> 
porous N i O  layer 
1 spinel  type 
! N i O  -Cr203 
y N i O  =(Cr ,Al) 0 oxide 2 3 
sesquioxide \ 
d L 
internal oxide layer external oxide layer 
Fig.2 Schematic i l lus trat ions  for complex oxides formation 
on Nickel-base superalloys 
-41- 
Fig. 3 Self-dif fusion coefficients of the cations in  oxides [411 




Co Uo W TA Cb A1 Ti (vtX) 
Pane 41 - - - t.5 3.1 
Uar M2OO 1 2 -  1 5  2 
IN - 100 60 10 15 - - - 5.5 4.7 
. . .  
- - - - 0.4 
Parabolic rate constants for oxidation.on several Ni-base superalloys 
-44- 
Fig.6 The cr i t i ca l  applied stress required to produce 
acceleration oxidation as a function of 
exposure temperature for Ni-base superalloys 
oxide thickness (SO 
penetration depth 
of oxide (PDO) 
internal oxide part ic l e s  
(b 
grain boundary oxide thickness (=2 x GBO) 
Fig.7 Schematic i l l u s t r a t i o n s  for  oxide growth i n  cross-sectional  view 
- Fat c d h g  
-- Sow sodlng 
Fig.8 The e f fect  of cooling rate on the cyc l ic  oxidation of 
some high-temperature al loys  
N o t e : 1 h r a t T m a x a n d 0 . 5 h r a t T  p e r c y c l e  
min [931 
Fig. 9 Cyclic crack growth model schematic. 
[I431 
t (STRESS CYCI.INC;) 
Fig.10 Interrelationships among various important factors  
for  high temperature low cyc le  fat igue 
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